ABSTRACT Two-dimensional gel profiles of the 0.2 M H2SO4-soluble proteins of monomer nucleosomal fractions were found to contain protein A24. Protein A24 is of interest because it is composed of histone 2A and "ubiqnitin," apparently joined by an isopeptide linkage [Goldknopf, I. L. & Busch, H. (1977) Proc. NatL Acad. Sci. USA 74,[864][865][866][867][868]; Hunt, L. T. & Dayhoff, M. 0. (1977) Biochem. Biophys. Res. Commun. 74,[650][651][652][653][654][655]. Monomer nucleosomal fractions were obtained by sucrose densi: gradient centrifugation of micrococcal nuclease digests of rat liver nuclei. As shown by their DNA size, the monomer fractions were highly purified. Proteins A24 and Bu, another protein of unknown characteristics, were found along with histones 1, 2A, 2B, 3, and 4 in the monomer fractions in relative amounts similar to those found in extracts from whole nuclei and chromatin. Other-acid-soluble proteins found in the nuclear and chromatin extracts were essentially absent from the monomer fraction. Inasmuch-as protein A24 and Bu were found in lesser amounts than the histones, it is suggested that they are associated with specialized subsets of nucleosomes. Protein A24 (1), a conjugated chromatin protein (2), has a -branched structure in which one arm and the stem are composed of histone 2A (3) and the other arm contains "ubiquitin" (4-7). The carboxyl terminus of ubiquitin is attached to a Gly-Gly peptide which is in an isopeptide linkage to the E-NH2 group of lysine residue 119 of histone 2A (8). Lysine 119 is a part of the very basic carboxyl-terminal amino acid sequence of histone 2A (9, 10). The overall structure of protein A24 is (8): Ubiquitin-( X)-Gly-Gly 7
The presence of histone 2A in protein A24 as well as its histone-like chromatin binding properties (1) suggested that protein A24 may be a component of nucleosomes (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) .
In the present study, the 0.2 M H2SO4-soluble proteins of purified rat liver monomer nucleosomes were analyzed by two-dimensional polyacryla'mide gel electrophoresis. On the basis of their electrophoretic mobility (24) (25) (26) , protein A24, protein Bu, and the histones were present in the nucleosome extracts. Proteins A24 and Bu were present in smaller amounts than the histones and may be associated with specialized subsets of nucleosomes.
MATERIALS AND METHODS
Rat liver nuclei were isolated by centrifugation in 2.2 M sucrose/3 mM calcium acetate as described previously (27) . The monomer nucleosome fraction was obtained by a modification of the procedure of Lacey and Axel (28) (29, 30) . Two-dimensional polyacrylamide gel electrophoresis was by the method of Orrick et al. (24) , which consisted of a 10% acrylamide/0.9 M acetic acid/4 M urea first dimension and a 0.1% sodium dodecyl sulfate/0.1 M sodium phosphate, pH 7.1/6 M urea second dimension. In the adaptation solutions for the second dimension, 2-mercaptoethanol (1% vol/vol) was included. RESULTS When rat liver nuclei were subjected to 17.5% digestion with micrococcal nuclease and the digest was fractionated by sucrose density gradient centrifugation, the major peak (hatched area in Fig. 1 ) corresponded to monomer nucleosomes previously described (28) . The identity of the DNA of this fraction as monomer DNA (17) (18) (19) 28) was confirmed by gel electropho- The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. (Fig. 3) , respectively, are indicated, as are the three loads of DNA ranging from 0.6 to 2.4 Aig per slot. resis (Fig. 2) , which showed the DNA bands had lengths (Fig.  3) 3 (spot A3, 7), and 4 (spot GAR). The relative amounts of the proteins in the extracts from the monomer fraction were essentially the same as in extracts from nuclei and chromatin (Fig. 4 B and C) . On the other hand, the extracts from nuclei and chromatin contained other nonhistone proteins (1, 25) that were not found in the extracts from the monomer fraction. DISCUSSION Current models of chromatin structure include an octameric nucleosome core composed of histones 2A, 2B, 3, and 4. Histone 1 is apparently adjacent to the nucleosome but is outside of the core (21, 31) . Although earlier electrophoretic analyses of phenol-soluble (32) and high mobility group (33) nonhistone proteins extracted from nucleosomes indicated the presence of several components, only the histones, protein A24, and protein Bu were found in the 0.2 M H2SO4 extracts used in the present study. The monomer nucleosomal fraction obtained in this study contains DNA of sufficient size to retain all the histones.
These data do not indicate whether proteins A24 or Bu are associated with the core histones or the adjacent region containing HI. This distinction can best be made by studies of core nucleosomes that have been "trimmed" by nuclease treatment (34) . Nevertheless, the fact that protein A24 contains histone 2A suggests that it may be part of the core octamer. One possible model depicting the fit of protein A24 in the nucleosome is shown in Fig. 5 . It is postulated that the histone 2A portion of protein A24 is in the region normally occupied by the un- Relative mobility   FIG. 3 . Estimation of the size of the DNA from monomer nucleosomes. The DNA fragment standards were generated from Xpgal8 DNA as described previously (29, 30) . Phage DNA was digested by endonuclease Hae III and the Hae-9B fragment was isolated by gel electrophoresis. Cleavage of Hae-9B by endonucleases Hinf or Hap II produced the fragment standards presented. Relative mobility equals the ratio between the distance of electrophoresis of the DNA and the distance of electrophoresis of the marker dye xylene cyanol FF. The arrows correspond to the positions in the gel (Fig. 2) of the three monomer DNA bands (a, b, c) and the largest size monomer DNA (d (28, 35, 36) , the nucleosomes of transcribed sequences may have an altered conformation that renders them more susceptible to DNase 1 (37, 38) . Accordingly, the content of proteins A24 and Bu in fractions released from chromatin by nucleases needs to be studied in more detail.
Several lines of evidence have suggested that nucleosomes are packaged into superhelical arrays of chromatin fibers (39) (40) (41) (42) . It is possible that proteins A24 and Bu are involved in the supercoiling of chromatin and analysis of the amounts of these proteins in nucleosome multimers will aid in determining their distribution along the chromatin fiber. Other approaches to this problem include analysis of crosslinked nucleosomes and immunological studies on distribution of protein A24 with the aid of specific antibodies. Isolation and characterization of the specific nucleosomes that contain these proteins will aid in analysis of their structural and functional roles.
